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ABSTRACT

The Beddoes-Leishman model for unsteady aerodynamics and dynamic stall has
been implemented in the University of Utah’s AeroDyn subroutines. These subroutines
are used in determination of aerodynamic loading on wind turbine systems. At present
these subroutines are used with YawDyn, a rotor analysis code developed at the Univer-
sity of Utah for the study of yaw loads and motions of horizontal axis wind turbines, and
ADAMS® (Automatic Dynamic Analytic of Mechanical Systems), a commercial soft-
ware package that performs multibody system analysis of mechanical systems.

This thesis presents results from validation efforts on the Beddoes model for pre-
diction of wind turbine rotor loads. Comparisons between predicted aerodynamic force
coefficients and those measured on oscillating airfoils in wind tunnels at Reynolds num-
bers, Mach numbers, and reduced frequencies applicable to wind turbines are presented.
Comparisons are made between predicted aerodynamic force coefficients and values ob-
tained from integration of pressure tap measurements during operation of the Combined
Experiment Rotor (CER). Also, yaw motion and load predictions for the CER are com-
pared to data.

In order to make the model applicable to the airfoils and operating environment of
wind turbines some modifications to the model were necessary. The operating environ-
ment requires that the model be capable of generating aerodynamic coefficients over all

angles of attack between -180° and 180°. To enable the model to generate aerodynamic
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coefficients over the entire range the angle of attack was reflected about +90° and -90°.
Also, the model must work well for general airfoil lift and drag coefficient tables. A
look-up table on the separation point curve was implemented in place of a curve fit to
improve the generality and increase the accuracy of the model.

Studies were performed to determine the sensitivity to changes in time constants
used with the model. These studies indicate that predicted blade loads are quite insensi-
tive to changes in the time constants associated with the model. Therefore, the constants
should not need to be modified.

In general, the comparisons between measured and predicted coefficients, loads,
and motions are good, indicating that the model is appropriate for the conditions encoun-

tered by wind turbines.
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INTRODUCTION

The accurate prediction of wind turbine loading is necessary to reduce the risks
involved in producing a new machine, and to reduce the cost of manufacturing and main-
taining the turbine. This, in turn, reduces the cost of energy generated by the wind tur-
bine making it more competitive with nonrenewable energy sources. According to the
American Wind Energy Association, turbines are producing energy for 5 cents per kwWh
in 1995, and costs may drop to 3 cents per kwWh by the year 2000. Improvement in the
understanding of wind turbine loading and systems is necessary if the wind industry is to
reach this goal.

Inaccurate predictions of wind turbine power and structural loads have led to in-
sufficient design of wind turbine components, and premature failures. A 20- to 30- year
turbine life is necessary to enable wind power to compete with nonrenewable energy
sources. Significant improvements in load prediction have been made in the last 15
years, however there is still much research needed before many of the physical mecha-
nisms affecting the aerodynamics of wind turbines are understood. Present design codes
underpredict the amount of power generated during high wind speeds on stall controlled
machines. Also structural loads have been underpredicted, leading to failures of yaw
drive components, low speed shafts, and blades. Some of the underpredictions have been
attributed to three-dimensional aerodynamic effects and dynamic stall. The flow field of

a wind turbine is very three-dimensional. Centrifugal pumping and Coriolis accelerations
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lead to a delay of stall at the inboard blade sections (Hansen and Butterfield, 1993). This
delayed static stall produces much higher lift than predicted, resulting in an increase of
turbine power and loading.

Load underprediction has also been attributed to dynamic stall. Dynamic stall is
the term used to describe the complex events that result in the delay of stall on airfoils
undergoing periodic or general unsteady motion. For an airfoil oscillating or pitching
through the static stall angle of attack, the onset of stall can be delayed to angles of attack
considerably in excess of the static stall angle. However, when the airfoil does stall, the
stall is more severe, and for oscillating airfoils, persists to lower angles of attack than the
static stall. After stall, the flow begins to reattach to the airfoil from front to rear. This
delay of stall during increasing pitch, followed by strong stall, produces large hysterisis
in the aerodynamic forces on the airfoil. Thus, in contrast to steady aerodynamics, the
coefficients of lift, drag, and moment, are not unique functions of angle of attack, but de-
pend on a number of other parameters such as reduced frequency, mean angle of attack,
and amplitude of oscillation.

One cycle of an airfoil undergoing dynamic stall is illustrated in Figure 1. The
chronology of events for an airfoil that stalls from the trailing edge, pitching through the
static stall angle, is as follows. As the pitching airfoil passes through the static stall angle
there is no discernible change in the viscous or inviscid flow about the airfoil. This is
due to the finite time required for the stall events to occur. The first noticeable distur-
bance to occur is flow reversal in the boundary layer near the trailing edge. This flow
reversal then proceeds toward the leading edge of the airfoil until flow reversal occurs

over most of the chord. Large eddies appear in the boundary layer and a vortex forms
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Figure 1: Dynamic stall events on a NACA 0012 airfoil, from Carr (1988).

near the leading edge. This vortex gains in strength, then convects over the airfoil at a
speed of approximately 0.3 times the free-stream velocity (Chandrasekhara and Carr,
1990).

As the vortex moves across the airfoil the center of pressure moves with it causing
a large nose-down pitching moment. After the vortex has passed the trailing edge, the
airfoil experiences severe stall, with lift coefficient values often falling well below the

static stall values. After full stall, as the angle of attack falls below the static stall value,
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the flow begins to reattach from front to rear, until unstalled values of aerodynamic force
coefficients are again obtained.

Dynamic stall events are evident from measurement of aerodynamic coefficients
on operating wind turbines (Hansen and Butterfield, 1993, Butterfield et al, 1991). Fig-
ure 2 illustrates delayed static stall and dynamic stall events measured at the 30% span
location of the Combined Experiment Rotor. On wind turbine blade airfoil sections, un-
steady or oscillatory angle of attack time histories that produce dynamic stall events oc-
cur due to variation in wind velocity over the rotor disk. These velocity variations are
due to horizontal and vertical wind shears, vertical wind, yaw misalignment, and turbu-
lence in the wind.

Previous work has shown the importance of including dynamic stall when predict-

ing wind turbine rotor loads. A horizontal axis wind turbine analysis code named

2.5 +

Static Data

------ Dynamic Data

Cn

0.5 +

Angle of Attack (deg)

Figure 2: Dynamic stall events measured at the 30% sta-
tion of the CER.
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YawDyn was developed at the University of Utah for the study of yaw loads and motions
of wind turbines. The YawDyn code is described in detail in other references (Hansen,
1992, Hansen et al., 1990). YawDyn predictions of Combined Experiment Rotor (CER)
loads were improved by the addition of the Gormont dynamic stall model (Hansen, 1992,
Hansen et al., 1990).

In the present work the Beddoes dynamic stall model was added to the AeroDyn
subroutines due to short-comings that were observed with the Gormont model. Hansen
found that key coefficients in the Gormont model needed to be changed in order to repro-
duce the measured CER lift coefficient hysterisis and the measured yaw moment. The
Gormont model also required a filter on the angle of attack to stabilize lift coefficient
predictions due to noise in the time rate of change of the angle of attack. The Beddoes
model is semiempirical, being based on airfoil indicial response. Indicial response pro-
duces the lift and pitching moment on an airfoil due to a step change in angle of attack
and is derived from the linearized differential equations for an unsteady, compressible,
inviscid fluid. Therefore, it is based on the physics of the flow, rather than on purely em-
pirical relations. In contrast, the Gormont model is purely empirical. It was hoped that
the Beddoes model would be more applicable to the environment encountered by, and the
airfoils used for, wind turbines without the need to modify constants or filter the angle of
attack.

Recently, computational fluid dynamics has been able to determine the aerody-
namic response of an airfoil for a given motion (Tuncer et al., 1990). However, the solu-

tions are complex and require considerable computation time. For these reasons present
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design codes use empirical or semiempirical models for representation of the unsteady

airloads, and will continue to do so in the near future.



METHODS

The Beddoes-Leishman Model

For a detailed description of the Beddoes-Leishman model for unsteady aerody-
namics and dynamic stall see Beddoes (1983, 1984), Leishman and Beddoes (1986,
1989), and Leishman (1988, 1989, 1990). A brief description will be given here.

The Beddoes-Leishman model is a semiempirical model that is based on airfoil

indicial response. Indicial response produces the normal force coefficient (C, ), and the
moment force coefficient (C,,) as a function of time for a step change in angle of attack.

The indicial response is derived from solution of the linearized differential equations for
an unsteady, compressible, inviscid fluid (Bisplinghoff et al., 1955). The increment in

C, due to a step change in angle of attack (A« ) is broken into two components, a non-
circulatory component (C,, ), and a circulatory component (Cy,), given as:

ACY =Cy g A

4 1)
ACy =—¢.A
N M¢a a

where C,,, is the normal force coefficient curve slope, M is the Mach number, ¢ is the

circulatory indicial function, and ¢', is the noncirculatory indicial function. These indi-

cial functions are nearly pure exponential functions, and are represented by exponential
functions in the model. In the Beddoes-Leishman model the chordwise force coefficient

(C.) response is based on the circulatory component of C, . The airfoil attached flow
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response due to a general angle of attack history is calculated from the superposition of

individual indicial responses for each step. The attached flow C,, hysterisis is shown in

Figure 3.

The calculated attached flow response is then modified based on the position of
the effective flow separation point on the low pressure side of the airfoil. Flow separa-
tion from the airfoil results in a loss of circulation about the airfoil, reducing aerody-
namic coefficients from the attached flow values. The separation point is given by

f =x/c,where x is the point of flow separation measured from the leading edge, and c

is the airfoil chord length. An approximation to Kirchoff theory (Thwaits, 1960) used by

Beddoes relates C,, and C. to the separation point given as:

0 1 1 1
0 10 20 30
Angle of Attack (deg)

Figure 3: Attached flow unsteady response.



Cy =Cola-ay)

(1+ﬁ\2
2 )

2
Ce = Cro (o — ;) tan(a)ﬁ

@)

where « is the angle of attack, and « is the zero-lift angle of attack.
The static effective separation point is calculated from static C data by solving

equation 2. The effective separation point versus angle of attack is then curve fit using

an exponential function. f calculated from equation 2 using static data is referred to as

the effective separation point since it represents the amount of separation according to
Kirchoff theory, which is a inviscid solution, but may not necessarily represent the actual
point of flow reversal on the airfoil. It does however provide a method of representing
the effect and dynamics of separation. In the Beddoes model an empirically derived first
order lag is applied to the movement of the effective separation point to account for the
time lag in movement of the separation point during unsteady conditions. Figure 4 shows

the calculated C,, including the effects of unsteady separation. The unsteady effective

separation point curve is shown in Figure 5.

The final main component of the model represents the vortex buildup and shed-
ding that occurs during dynamic stall. The vortex lift contribution is empirically modeled
as an excess circulation in the vicinity of the airfoil. The magnitude of the increase in lift

is based on the difference between the attached flow C,;, and the C value obtained from
the Kirchoff equation. Empirically derived time constants are used to govern the growth,
decay, and motion of the vortex. As the airfoil pitches upward the vortex strength is al-

lowed to build. When the first order lagged attached flow C, (C,) exceeds the C,
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Figure 4: Attached flow modified by separation point.
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Figure 5: Unsteady separation point curve.
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value at stall (C ) the vortex is allowed to begin convecting across the airfoil. A nondi-
mensional time constant (z,) tracks the position of the vortex across the airfoil. As the

vortex reaches the trailing edge the strength is allowed to decay exponentially. The cal-

culated C,, including all model components is shown in Figure 6.

The lift coefficient (C, ) and drag coefficient (C,) are then calculated from re-
solving C, and C. into components normal and parallel to the velocity direction, and
adding the minimum drag (Cp, ).

C, =C, cos(a)+C.sin(a)
C, =C, sin(a) —C. cos(e) + Cp,

(3)

Cn

0 1 1 1
0 10 20 30
Angle of Attack (deg)

Figure 6: Attached flow, separation point, and vortex lift
contribution.
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Model Modifications

Some maodifications to the model were necessary to make it applicable to the en-
vironment and airfoils of wind turbines. Beddoes considers angles of attack from ap-
proximately -10° to 30°; however wind turbine airfoils often operate outside of this
range. The operating environment of wind turbines requires that the model be capable of
producing aerodynamic force coefficients over the entire range of possible angles of at-
tack. To accomplish this several modifications to the model were necessary.

To allow the model to reproduce aerodynamic coefficients at high angles of at-
tack, the angle of attack was modified as follows:

for |¢|<90° «a, =«
a>90° o, =180~«a (4)
a<-90° a,, =-180°-«

where « is the current angle of attack and «,, is the modified angle of attack. The modi-

fied angle of attack is shown in Figure 7. The modified angle of attack represents the fact

Effective Angle of Attack (deg)

90 +

D

-180 -90 90 180
Angle of Attack (deg)

-00 -

Figure 7: Modified angle of attack used for separation point calculation.
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that the normal force coefficient is somewhat symmetric about +90° and -90°. The modi-
fied angle of attack is used to calculate the effective separation point from the Kirchoff
equation, and is also used for runtime calculation of the attached flow response.

As mentioned previously Beddoes uses an exponential curve fit to the effective
airfoil separation point calculated from the static data using equation 2, and shown in
Figure 8. However this did not work well with some of the airfoils tested. As can be

seen in Figure 9, some important features are lost when regenerating the C,, versus angle

of attack curve using the exponential curve fit representation of the effective separation
point. For this reason a lookup table was used, in which the calculated effective separa-
tion point values are stored with angle of attack values. Linear interpolation is used be-

tween points. This method is more applicable to any airfoil and accurately reproduces

0.9 ~
¢ Data

0.8 Curve Fit

0.7 +
0.6 +
0.5 +
0.4 +

Separation Point

0.3 +
0.2 +
0.1 + oo

Angle of Attack (deg)

Figure 8: Exponential curve fit to the calculated separation
point data for a NACA 4415 at Re=1.0M.
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& Data
1.8 + Reproduced Py

Cn

0 1 1 1 1

0 10 20 30 40
Angle of Attack (deg)

Figure 9: Comparison between data and reproduced curve
using exponential curve fit to separation point data.

the normal force curve.
Also upon further investigation into the model it was determined that the calcu-

lated C. value, which was based upon the circulatory component of C, and the effective
separation point calculated using C,, at times did not reproduce static values. In some

angle of attack ranges higher or lower drag was predicted by the model due to an error in

prediction of C.. This resulted in erroneous power output predictions for the rotor. To
alleviate this problem two effective separation point tables are calculated, one for C,, and
one for C.. Equation 2 for C. is used for calculation of the C_. effective separation
point table representing the separation affecting C. according to Kirchoff theory. It is
also used for runtime calculation of C. using the dynamic effective C. separation point.

During unsteady conditions the same dynamics are applied to each effective separation
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point. This method allows the model to accurately reproduce static values for very gen-

eral input values of C, andC,.

For most airfoils the two tables are similar, however at times there are differences
between the two, and even small differences can lead to a significant error in the drag
prediction. Figure 10 shows the two effective separation point curves. The model using
two effective separation point tables accurately reproduces the static aerodynamic coeffi-
cients, as shown in Figures 11 and 12. Also the dynamic values compare well to those
measured in wind tunnel tests, as will be shown in the results section.

In Figure 13 dynamic stall hysterisis loops are shown for unusual angle of attack
ranges as calculated by the modified method. Although the accuracy of the model for
high angles of attack is not known, because of the lack of test data, the results obtained

are at least reasonable.

——Cn Curve
0.9 + —O— Cc Curve

0.8 +
0.7 +
0.6 +
0.5 +
0.4 —+

Separation Point

0.3 +
0.2 +
0.1+

Angle of Attack (deg)

Figure 10: Normal and chordwise coefficient separation
point curves for a NACA 4415.
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Figure 11: Comparison between measured and reproduced
lift coefficient.
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Figure 12: Comparison between measured Cp, Cp reproduced
using the current method, and Cp reproduced by
method of Beddoes using curve fit Cy separation point.
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Figure 13: Dynamic normal force coefficient simulations for unusual angles of attack.
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At angles of attack near +90° and -90°, and occasionally at other locations, the

square root of the effective separation point in equation 2 should be negative to reproduce

static aerodynamic coefficient values. This created problems in regenerating the aerody-

namic force coefficients since the negative sign is lost when squaring the value to deter-

mine the effective separation point. To eliminate this problem, and to ensure proper re-

generation of coefficients, the sign of the effective separation point is saved with the

value of the parameter. The sign is then used when regenerating aerodynamic coeffi-

cients to ensure accurate regeneration. The process of decomposition of the C,, is shown

below in equation 5, with the regeneration given by equation 6.
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Cy B
= Cyol@—ay) ' (5)
f = t?sign(t)
( - Y
. :CNa(a_ao)(lhlabs(;)mgn(f)J ©

Similarly for the C_ the process of decomposition is shown below in equation 7, with the

regeneration given by equation 8.

Ce
Cuol@ —a)a )
f. = tsign(t)

Ce = CNa(a - ao)awlabs( fc)sign( fc) (8)

Beddoes also includes an empirical separation point shift for the "deep stall re-

t=

gime." However, whether or not this shifting increases or decreases accuracy depends on
the amplitude of oscillation of the airfoil. For high amplitude oscillations increased accu-
racy was obtained by including the shift. However, for low amplitude oscillations better
accuracy was obtained without the shift. Also, the shifting was found to cause disconti-
nuities and hence numerical instabilities in YawDyn and ADAMS force calculations for
very small angle of attack oscillation amplitudes. For these reasons the shifting has been
removed from the model used in AeroDyn. This shifting will be discussed further in the
results section.

For extension to deep stall Beddoes and Leishman include an additional parame-
ter, @, for correction of the chordwise force during large separations. However, with the
current formulation of two effective separation point tables the use of this additional

modification seems unnecessary.
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Another modification needed is due to parameters that must be triggered and re-
initialized at certain locations in the hysterisis. The parameters determine if the vortex
strength is building, the time at which the dynamic stall vortex begins to convect over the
airfoil, and the position of the vortex. The difficulty arises during general unsteady mo-
tion, and at unusual angles of attack when it is unclear whether vortex lift should be
added, and when parameters should be reinitialized. As mentioned previously the vortex
is allowed to build in strength as the airfoil pitches toward stall (+90° or -90°). The
change in C,, from one step to the next is used to determine if the airfoil is pitching to-
ward stall. If C, is increasing toward stall a parameter is set to allow the vortex strength

to build. C, is used since it is less subject to noise than the angle of attack.

The vortex begins to convect across the airfoil when C,, exceeds Cy,- At this
time a flag is triggered and the nondimensional parameter z, tracks the position of the
vortex across the airfoil. z, starts at 0 when C,, exceeds Cy,» and increases to 1 when

the vortex reaches the trailing edge. After the vortex has passed the trailing edge

(z, >1) the vortex strength decays with a time constant equal to half of the value used

during accumulation with no further additions to the vortex strength. z_ is reset to O if

the airfoil begins pitching toward stall after completing a cycle, the angle of attack
changes sign, or after a suitable time delay if the airfoil continues pitching toward stall to
allow a secondary vortex to develop and shed using the same dynamics. The frequency
of shedding corresponds closely to a Strouhal number of 0.2 (Leishman and Beddoes,

1986). If C,, does not exceed Cy, the vortex strength decays as the airfoil pitches away

from stall using a time constant equal to half of the value used during accumulation.
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The final modification is due to the effect of the vortex component on C.. As
mentioned previously C. is based on the circulatory component of C,. However Bed-

does and Leishman do not state whether the vortex component, which is circulatory,

should be included in the calculation of C.. From study of unsteady data it was apparent
that the vortex component contributed to C.. To model this contribution the vortex
component of C, was added to C_ in the same manner as the circulatory component of
C, . but also multiplied by (1—z,). The vortex component was multiplied by (1-,)
since the effect of the vortex on C. should depend on the location of the vortex along the
chord. Thus the vortex contributes to C. in the same manner as the circulatory compo-
nent of C, when near the leading edge of the airfoil, but goes to zero as the vortex

reaches the trailing edge. This method produced good agreement with the test data.



RESULTS AND DISCUSSION

Two-Dimensional Wind Tunnel Data Simulations

Although the flow field encountered by wind turbines is far from two-
dimensional, it is necessary for the model to accurately reproduce two-dimensional wind
tunnel data if there is any hope of representing the complex flow encountered by wind
turbines. Simulations of lift and drag coefficients were performed using data obtained
from Ohio State University (Gregorek and Reuss, 1992, 1994), which was taken using
airfoils, Reynolds numbers, and reduced frequencies applicable to wind turbine rotors.
Simulations showing the effect of the aforementioned shift are also presented.

The airfoils used for the comparisons are the NACA 4415, the NASA LS(1)-0417
MOD, and the NREL S809. The airfoil shapes are shown in Figure 14. The NACA 4415
is a standard section, the LS(1)-0417 is a low Reynolds number airfoil, and the S809 is an
airfoil designed specifically for wind turbine use by the National Renewable Energy
Laboratory (NREL). The data used in the comparisons were for a smooth airfoil at a
Reynolds number of about 1 million, with reduced frequencies between approximately
0.02 and 0.1.

There are several time constants associated with the Beddoes model, as men-
tioned previously. In general the user of the code may not have access to unsteady data,
or if they do, may not have the knowledge of how to modify the constants. Therefore, it

is hoped that these constants are somewhat universal, capable of producing quite accurate
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Figure 14: Airfoils used for unsteady aerodynamic coeffi-
cient comparisons.

aerodynamic force coefficients for general airfoil shapes and operating environments.
From the studies performed on these three airfoil sections it appears that this is the case.
The same time constants were used for each of the airfoil sections studied, and generally

produced quite accurate predictions of C, and C, for each.

Separation Point Shifting
Figures 15 through 18 are comparisons between predicted and measured lift and

drag curves for a NACA 4415. The conditions for the comparisons are given in the fig-

ures. o is the angle of attack in degrees, w is the circular frequency, M is the Mach num-
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Figure 15: NACA 4415 lift coefficient versus angle of at-
tack. High amplitude oscillation.
a=19.7+9.8sin(wt), k=0.096, M=0.1
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Figure 16: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 15.
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Figure 17: NACA 4415 lift coefficient versus angle of at-
tack. Low amplitude oscillation.
a=20.2+3.2sin(wt), k=0.087, M=0.1
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Figure 18: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 17.
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ber, and k is the reduced frequency, given by k=mc/(2V), where c is the chord length, and
V is the flow velocity. Included in the figures are the effects of the effective separation
point shift. Figures 15 and 16 are comparisons for high amplitude of oscillation, while
Figures 17 and 18 are comparisons for low amplitude oscillation. As can be seen in Fig-
ure 15, for the high amplitude oscillation, the shifting of the lookup location for the effec-
tive separation point increases accuracy by delaying flow reattachment. There is little
effect on the drag. However for the low amplitude case shown in Figure 17, the shifting
overestimates the loss of lift for decreasing angle of attack. Thus for the low amplitude
oscillation case, the model without shifting the effective separation lookup point more
accurately reproduces the observed hysterisis. Also the drag prediction is somewhat im-
proved. During code run time one does not know before hand what the amplitude of os-
cillation will be, for this reason it is more accurate to eliminate the shifting from the
model used in AeroDyn. Also, at very low amplitudes of oscillation the shifting resulted
in discontinuities in the lift and drag predictions. These discontinuities result in conver-
gence problems for the ADAMS integrator.

An alternative method to shifting the point of lookup for decreasing angles of at-
tack, is to increase the time constant associated with the motion of the effective separa-
tion point for decreasing angles of attack. Increasing the time constant of the first order
lag by a factor of 1.5 for decreasing angles of attack produces nearly the same effect as
shifting for the high amplitude oscillation without discontinuities or over-estimation of
lift loss for low amplitude oscillation. This is the method currently used in AeroDyn, and

is illustrated in Figures 19 through 22.
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Figure 19: NACA 4415 lift coefficient versus angle of attack.
High amplitude oscillation. «=19.7+9.8sin(wt),
k=0.096, M=0.1 Shown are the effects of separa-
tion point time constant increase for decreasing an-
gle of attack.
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Figure 20: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 19.
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Figure 21: NACA 4415 lift coefficient versus angle of at-
tack. Low amplitude oscillation.
a=20.2+3.2sin(wt), k=0.087, M=0.1 Shown are
the effects of separation point time constant in-
crease for decreasing angle of attack.
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Figure 22: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 21.
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NACA 4415 Airfoil

Figures 23 through 34 are comparisons between predicted and measured C, and
C, hysterisis curves for a NACA 4415. In these figures comparisons with data were

made for mean angles of attack of 14° and 20°, with an amplitude of oscillation of 10°.
For each mean value of angle of attack comparisons were made for three reduced fre-
quencies. This allows observation of the effects of reduced frequency on the aerody-
namic coefficient hysterisis, and the ability of the model to represent the aerodynamic
force coefficients for a range of reduced frequencies. In general the model accurately

represents the hysterisis in C_ and C, over the range of reduced frequencies tested.

For this airfoil section static drag data were not available for angles of attack
above 12°. The values used in the predictions were estimated based on the unsteady data,
and the Kirchoff equation.

Multiple lines occur in the predictions since the measured angle of attack from the
data was used as input to the Beddoes subroutines. The subroutines, written in
FORTRAN, are given in the program DYNSTL in Appendix B. The measured angle of
attack does not follow an exact sine wave, and the measurements are somewhat sparse
resulting in the multiple prediction lines.

At 14° mean angle of attack, the aerodynamic coefficient predictions are quite
good for the low reduced frequency case as shown in Figures 23 and 24. The predicted

C, does stall more rapidly and deeply than observed in the data. It appears from the data

that the vortex builds more slowly, then remains near the airfoil until the angle of attack

begins to decrease. The C, for this case is well represented. For the two higher reduced

frequencies, Figures 25-28, consistent errors in the predicted C, occur in the separated
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Figure 23: NACA 4415 lift coefficient versus angle of at-
tack. a=14+10sinwt, k=0.029, M=0.09
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Figure 24: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 23.
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Figure 25: NACA 4415 lift coefficient versus angle of at-
tack. a=14+10sinwt, k=0.055, M=0.09
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Figure 26: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 25.
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Figure 27: NACA 4415 lift coefficient versus angle of at-
tack. a=14+10sinwt, k=0.086, M=0.09
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Figure 28: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 27.

30



25 +
2 4
L 2
15 +
3 L 2
(@) o P
1+ L g
> 2K
2
05 + ¢ Data
—— Simulated
0 f f f
5 15 25 35

Angle of Attack (deg)

Figure 29: NACA 4415 lift coefficient versus angle of at-
tack. a=20+10sinwt, k=0.031, M=0.08
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Figure 30: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 29.
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Figure 31: NACA 4415 lift coefficient versus angle of at-
tack. a=20+10sinwt, k=0.064, M=0.08
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Figure 32: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 31.
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Figure 33: NACA 4415 lift coefficient versus angle of at-
tack. a=20+10sinwt, k=0.096, M=0.08
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Figure 34: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 33.
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flow region of the hysterisis. For these cases the model predicts that the flow is more at-

tached than observed in the test data. This results in an overprediction of C, for the

lower region of the hysterisis. Also the vortex lift contribution is overestimated, or the
vortex is not swept off the airfoil as early as observed in the data, producing the overes-

timation of C,_ prior to stall. The C, for these cases is well represented for the lower

region, but at times lacks the width of the hysterisis for the upper region.
At 20° mean angle of attack, Figures 29-34, the sharp corners and the minimum

C, in the separated flow region are not predicted. In the data the flow remains fully
separated for a time after stall, causing the sharp corners and minimum C . It then

quickly reattaches as the angle of attack further decreases. For the model, the flow
slowly reattaches, and therefore misses the minimum value. However, the general shape
of the hysterisis is well represented. The vortex contribution seems to be governed by
somewhat different dynamics. The vortex lift does not build then decay as predicted by
the model. It seems to build then stay nearly constant in strength for a short time before

being swept off of the airfoil. The C, is accurately predicted for the low reduced fre-

quency case, Figure 30, but misses the maximum value for the higher reduced frequency
cases, Figures 32 and 34.
For the high reduced frequency, high amplitude of oscillation cases, the maximum

value and width of the loops in the upper section of the C, hysterisis are not obtained
due to the predicted C. not stalling as rapidly as observed in the data. Predicted and
measured C. showing this effect are given in Figure 35. Figure 36 illustrates the chro-

nology of events resulting in the large value of C, and the width of the hysterisis for the
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Figure 36: Chronology of measured aerodynamic coeffi-
cients. Conditions as given in Figure 33.
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upper region. A description of the events is as follows: As C, reaches its maximum
value and begins to stall C.. stalls very rapidly to near zero. The rapid stall of C. results
in a rapid increase in C, to the maximum value. The C, then stalls to separated flow

values, with a similar reduction of C,, completing the hysterisis in the upper region.

Figures 37 through 42 are for lower amplitude of oscillation. The amplitude of
oscillation for these cases is 3.5°, with mean angles of attack of 8° and 20°. For these

cases the hysterisis in both C, and C, are well represented.

NREL S809 Airfoil

Figures 43 through 60 are comparisons between predicted and measured C, and
C, hysterisis curves for an NREL S809. Comparisons with data were made for mean

angles of attack of 20°, 14°, and 8°, with an amplitude of oscillation of 10°. For each
mean value of angle of attack comparisons were made for three reduced frequencies.
Multiple lines occur for the same reasons addressed in the previous section.

Again the model quite accurately represents the hysterisis in C, over the range of

reduced frequencies. One difference between the predictions and data for this airfoil oc-
curs due to a very strong secondary vortex which is observed in the data for the 20° and
14° mean angle of attack cases. The model is capable of predicting and does predict sec-
ondary vortices; however the strength of the secondary vortices is much less than that
observed in the data. Another possibility is that the large increase in lift is not due to a
secondary vortex, but due to the primary vortex becoming organized and greatly increas-
ing in strength before being swept off of the airfoil. Similar events, but of less magni-

tude, seem to occur in other published data (Carr, 1988).
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Figure 37: NACA 4415 lift coefficient versus angle of at-
tack. a=8+3.5sinwt, k=0.059, M=0.09
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Figure 38: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 37.
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Figure 39: NACA 4415 lift coefficient versus angle of at-
tack. a=8+3.5sinwt, k=0.089, M=0.09
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Figure 40: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 39.
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Figure 41: NACA 4415 lift coefficient versus angle of at-
tack. a=20+3.5sinwt, k=0.087, M=0.09
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Figure 42: NACA 4415 drag coefficient versus angle of
attack. Conditions as given in Figure 41.
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Figure 43: NREL S809 lift coefficient versus angle of at-
tack. a=20+10sinwt, k=0.025, M=0.1
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Figure 44: NREL S809 drag coefficient versus angle of
attack. Conditions as given in Figure 43.
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Figure 45: NREL S809 lift coefficient versus angle of at-
tack. a=20+10sinwt, k=0.051, M=0.1
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Figure 46: NREL S809 drag coefficient versus angle of
attack. Conditions as given in Figure 45.
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Figure 47: NREL S809 lift coefficient versus angle of at-
tack. a=20+10sinwt, k=0.078, M=0.1
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Figure 48: NREL S809 drag coefficient versus angle of
attack. Conditions as given in Figure 47.
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Figure 49: NREL S809 lift coefficient versus angle of at-
tack. a=14+10sinwt, k=0.026, M=0.1
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Figure 50: NREL S809 drag coefficient versus angle of
attack. Conditions as given in Figure 49.
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Figure 51: NREL S809 lift coefficient versus angle of at-
tack. a=20+10sinwt, k=0.053, M=0.1
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Figure 52: NREL S809 drag coefficient versus angle of
attack. Conditions as given in Figure 51.
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Figure 53: NREL S809 lift coefficient versus angle of at-
tack. a=14+10sinwt, k=0.080, M=0.1
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Figure 54: NREL S809 drag coefficient versus angle of
attack. Conditions as given in Figure 53.
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Figure 55: NREL S809 lift coefficient versus angle of at-
tack. a=8+10sinwt, k=0.026, M=0.1
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Figure 56: NREL S809 drag coefficient versus angle of
attack. Conditions as given in Figure 55.
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Figure 57: NREL S809 lift coefficient versus angle of at-
tack. a=8+10sinwt, k=0.053, M=0.1
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Figure 58: NREL S809 drag coefficient versus angle of
attack. Conditions as given in Figure 57.
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Figure 59: NREL S809 lift coefficient versus angle of at-
tack. a=8+10sinwt, k=0.077, M=0.1
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Figure 60: NREL S809 drag coefficient versus angle of
attack. Conditions as given in Figure 59.
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For this airfoil at 20° mean angle of attack, Figures 43 to 48, the model generally

misses the sharp corners and minimum C, in the separated flow region, similar to that
observed for the NACA 4415. The C, prediction for the two higher reduced frequen-

cies, underestimates the maximum value and the width of the hysterisis in the upper re-

gion, again similar to the NACA 4415. For this airfoil C. usually does not stall as rap-

idly as it does for the 4415, allowing the model predictions to follow more accurately.

However, there are times when the measured C. does stall faster than the model predicts
resulting in under-prediction of the maximum C, and width of the hysterisis for the up-

per section.

At 14° mean angle of attack, Figures 49 to 54, the predictions of C, and C, are

very accurate for the low reduced frequency case. For the two higher reduced frequency

cases the amount of vortex lift in the prediction of C, is overestimated. Also the sharp

corners and minimum value in the separated region are lacking in the prediction. The

hysterisis in C, is well represented. The maximum value in this case is missed due to

the model not predicting the strong vortex which occurs near the maximum value of an-
gle of attack.

For 8° mean angle of attack, Figures 55 to 60, the comparisons are good for the
low reduced frequency case, Figures 55 and 56, but become worse as the reduced fre-
quency increases. The simulated C, for the highest reduced frequency case, Figure 59,
falls below the data for increasing angle of attack, and above the data for decreasing an-
gle of attack. Some of the error is due to the attached flow hysterisis loops being more

open than observed in the data for this reduced frequency. Below 5° angle of attack the



50
prediction is almost entirely based on the attached flow response. The attached flow hys-

terisis in C. is also more open, and the flow is predicted to be more attached than ob-
served in the data for decreasing angles of attack. This results in C. being slightly below

the data for increasing angles of attack, and above the data for decreasing angles of at-

tack. At low angles of attack C. is nearly in the opposite direction of C, The over-
prediction of C. for decreasing angles of attack results in the C, prediction falling be-

low the data upon flow reattachment, even becoming negative as shown in Figure 60.

The hysterisis in C. for this case is shown in Figure 61. The unsteady data do not lag

behind the static data for decreasing angles of attack as the model predicts.

NASA LS(1)-0417 Airfoil

Figures 62 through 81 are comparisons between predicted and measured aerody-
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Figure 61: NREL S809 chordwise force coefficient versus
angle of attack. Conditions as given in Figure 59.
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namic coefficient hysterisis curves for a NASA LS(1)-0417. Again mean angles of at-

tack
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Figure 62: NASA LS(1)-0417 lift coefficient versus angle
of attack. a=20+10sinwt, k=0.027, M=0.1
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Figure 63: NASA LS(1)-0417 drag coefficient versus an-
gle of attack. Conditions as given in Figure 62.
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Figure 64: NASA LS(1)-0417 lift coefficient versus angle
of attack. a=20+10sinwt, k=0.055, M=0.1
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Figure 65: NASA LS(1)-0417 drag coefficient versus an-
gle of attack. Conditions as given in Figure 64.
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Figure 66: NASA LS(1)-0417 lift coefficient versus angle
of attack. a=20+10sinwt, k=0.081, M=0.1
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Figure 67: NASA LS(1)-0417 drag coefficient versus an-
gle of attack. Conditions as given in Figure 66.
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Figure 68: Chordwise force coefficient versus angle of at-
tack. Conditions given in Figure 66. Predicted
Cc does not stall as rapidly as the data.
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Figure 69: NASA LS(1)-0417 lift coefficient versus angle
of attack. a=14+10sinwt, k=0.026, M=0.1
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Figure 70: NASA LS(1)-0417 drag coefficient versus an-
gle of attack. Conditions as given in Figure 69.
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Figure 71: NASA LS(1)-0417 lift coefficient versus angle
of attack. a=14+10sinwt, k=0.052, M=0.1
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Figure 72: NASA LS(1)-0417 drag coefficient versus an-
gle of attack. Conditions as given in Figure 71.
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Figure 73: NASA LS(1)-0417 lift coefficient versus angle
of attack. a=14+10sinwt, k=0.079, M=0.1
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Figure 74: NASA LS(1)-0417 drag coefficient versus an-
gle of attack. Conditions as given in Figure 73.
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Figure 75: NASA LS(1)-0417 lift coefficient versus angle
of attack. a=8+10sinwt, k=0.026, M=0.1
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Figure 76: NASA LS(1)-0417 drag coefficient versus an-
gle of attack. Conditions as given in Figure 75.
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Figure 77: NASA LS(1)-0417 lift coefficient versus angle
of attack. a=8+10sinwt, k=0.052, M=0.1
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Figure 78: NASA LS(1)-0417 drag coefficient versus an-
gle of attack. Conditions as given in Figure 77.
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Figure 79: NASA LS(1)-0417 lift coefficient versus angle
of attack. a=8+10sinwt, k=0.082, M=0.1

0.25

Co

Angle of Attack (deg)

Figure 80: NASA LS(1)-0417 drag coefficient versus an-
gle of attack. Conditions as given in Figure 79.
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Figure 81: Chordwise force coefficient versus angle of at-
tack. Conditions as given in Figure 79.

of 20°, 14°, and 8°, with an amplitude of oscillation of 10°, were used for the compari-
sons. For each mean value of angle of attack, three reduced frequencies were used in the
comparisons. Multiple lines occur in the simulated curves as discussed previously.

At 20° mean angle of attack, for the lowest reduced frequency, Figure 62, the data
does not stall as the model predicts. In the data the stall occurs gradually to the maxi-
mum angle of attack, whereas the model predicts a more rapid stall. The C, is well rep-
resented for this case, as shown in Figure 63. For the higher reduced frequency cases,
Figures 64 through 67, the hysterisis in C, is quite well represented. In the data the C,
remains very linear until stall, then stalls very rapidly. The model predicts a more grad-
ual stall, and rounds the peak values. However the minimum value in the separated flow

region is represented for this airfoil. In the separated flow region the drop in C_ is not as
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abrupt as seen for the two previous airfoils, allowing the model to follow more accu-

rately. The maximum value of C, is not predicted for the highest reduced frequency

case, Figure 67, similar to that seen for the two previous airfoils for high mean angle of

attack, high reduced frequency cases. This is again due to the C. not stalling as rapidly
as seen in the data, as illustrated in Figure 68. However the hysterisis in C, are more

open in the upper region than seen for the two previous airfoils.

At 14° mean angle of attack the hysterisis in C_is well represented, as shown in

Figures 69 through 74. At the lowest reduced frequency, Figure 69, again the model pre-
dicts the stall will occur more rapidly than seen in the data. At the two higher reduced

frequencies the hysterisis in C, is very accurate. The C_, comparisons are very good

other than the maximum values being slightly underpredicted for the two higher reduced
frequencies.

At 8° mean angle of attack, Figures 75 trough 80, the results are similar to the
S809. The predictions are quite accurate for the lowest reduced frequency, Figures 75
and 76, but become worse as the reduced frequency increases. The open nature of the
attached flow hysterisis loops and the premature reattachment result in the prediction er-
ror. The attached flow hysterisis being open causes the predicted C, values to fall below
the data for increasing angle of attack, and to be above the data for decreasing angle of

attack. Also the C. attached flow hysterisis are more open, and reattach prematurely,
resulting in an underprediction of C, upon reattachment. Figure 81 illustrates the width

of the hysterisis for the lower region and the premature attachment of C.. Upon reat-



64

tachment the measured C. does not lag behind the static data as the model predicts, but

instead nearly follows the static data.

Comparisons to CER Data

Figure 82 is a plot of yaw angle versus time as predicted by YawDyn compared to
measured data. Time series of wind speed, direction, vertical wind, and vertical and hori-
zontal shears, calculated from the Combined Experiment vertical plane array of ane-
mometers, were used as inputs to YawDyn. As can be seen in the figure the YawDyn
comparison with the data is very good and captures all of the features seen in the data.

The yaw angle is well represented by YawDyn, and the normal force coefficient
predicted by YawDyn captures the mean quite accurately, but the predicted normal force
coefficient lacks the higher frequency components observed in the data, as shown in Fig-

ure 83. This is possibly due to the way in which the measured wind is processed for in-
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Figure 82: Four minute YawDyn prediction of yaw angle for the CER with a mean wind
velocity of 12 m/s, 72 rpm.
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Figure 83: 80% radius normal force coefficient comparison. Conditions as given in Fig-
ure 82.

put to AeroDyn. However, for other design codes, or if higher frequency wind data are
used in AeroDyn, these higher frequency components may be present, and the aerody-
namic model used in these codes should be capable of representing the aerodynamic
force coefficients for these higher frequencies. To give an indication of the reduced fre-
quencies seen in the data of Figure 83, the RMS angle of attack versus reduced frequency
at the 80% span station is shown in Figure 84. This figure was generated using the entire
4 minutes of data. The once per revolution reduced frequency is k ~ 0.05, which corre-
sponds to the largest peak in the figure.

To determine if the Beddoes model was applicable to these higher frequencies,
the angle of attack measured from the CER was used as input to the Beddoes subroutines.
This permitted examination of only the angle of attack-normal force coefficient relation-

ship, eliminating all rotor dynamics and wind input. Figure 85 is a plot of normal force
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Figure 84: 80% radius root mean square (RMS) angle of attack versus reduced frequency
for the four minutes of data used in Figure 82.
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Figure 85: 80% radius normal force coefficient comparison. Conditions as given in Fig-
ure 82.
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coefficient versus time. Shown in this figure are the normal force coefficient values
measured from the CER, and the values predicted using the measured angle of attack
from the CER as input to the Beddoes subroutines, labeled in the figure as “simulated.”
The simulated curve follows the measured data quite accurately, indicating that the
method is capable of accurate normal force predictions for these higher frequencies. It
also indirectly indicates that the angle of attack measurement at the outboard stations is
quite accurate.

After obtaining good predictions at the outboard blade station, comparisons were

then made for the inboard (30%) station. The blades of the CER are untwisted, produc-
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Figure 86: Initial prediction of normal force coefficient at the 30% station. Conditions
as given in Figure 82.
ing much higher angles of attack at the inboard station. The initial comparisons are

shown in Figure 86. The predicted mean values are much lower than those observed in

the data, and in general the comparisons are not very good. To determine why the model
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predictions were inaccurate at the inboard station the measured data were studied more
closely.

One cause of discrepancy is that at the inboard station the airfoil did not stall as
predicted by the static two-dimensional data. This is shown in Figure 87. Notice the

measured C,, values stay well above the static line. This is due to the delayed static stall

which has been observed by others (Butterfield et al., 1991, Hansen and Butterfield,
1993), and mentioned previously. In an attempt to model this delayed static stall the
static curve was modified to pass through the data, as thought to be appropriate. This
produced the curve labeled as “modified” in Figure 87.

Also, upon examination of the measured angle of attack at this inboard station, the
angle of attack indicator, which is of the vane type, was seen to “ring” (Butterfield, 1989)

after the blade passed through the tower shadow. This is shown in Figure 88, where the
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Figure 87: Due to delayed static stall measured operating
data remain well above static data.
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Figure 88: Angle of attack indicator is seen to “ring” after
passing through tower shadow.
YawDyn angle of attack prediction is included only to show that the “ringing” does occur
after passing through the tower shadow (0 azimuth). Although this ringing was less pro-
nounced at other times in the data, the accuracy of the of the angle of attack indicator is
questionable at this inner station.

However, there was no obvious way of eliminating this ringing from the data.
Therefore, the inboard simulation was performed again using the modified static curve,
and the measured angle of attack. The results of this simulation are shown in Figure 89.
The mean now matches the data quite closely, and many of the features of the data are
now represented. Thus it appears that the inboard normal force coefficient can be pre-
dicted quite accurately if the static lift curve is modified to account for the delay in stall.

Methods for estimating the static lift curve of a rotating blade are the subject of current
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Figure 89: Comparison between predicted and measured normal force coefficients using
the modified static curve. Conditions as given in Figure 82.

research (Eggers and Digumarthi, 1992). However, it is encouraging that the dynamic
behavior is well represented when the static lift curve is known.

It is of interest to note in Figure 89 that the measured normal force coefficient os-
cillates at the same frequency seen in the measured angle of attack. This indicates that
the angle of attack sensor may be responding to actual fluctuations in angle of attack
rather than simply “ringing” after the tower shadow impulse as previously suspected. It
does appear that the sensor’s dynamic response exaggerates the angle of attack response,
as the oscillations in normal coefficient are smaller than those in angle of attack. No ex-
planation for this observation can be given at this time, and is mentioned as only a point

of interest for future investigation.

Sensitivity Studies

Several empirically derived constants are used in the Beddoes model. In general
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these constants may be functions of airfoil geometry, Mach number, Reynolds number, or

a number of other parameters which may change with varying operating conditions or
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Figure 90: Root flap bending moment rainflow counts for
30% increase in time constants.

The rainflow counts for a 30% decrease in each parameter is shown in Figure 91.
For the 30% decrease in each parameter there is no obvious deviation in loading from the
unmodified condition.

Thus, it appears that the root flap bending moment predictions are relatively in-
sensitive to changes in the parameters used for the model. Therefore, the constants cur-

rently used in the model should not require modification.
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Figure 91: Root flap bending moment rainflow counts for
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CONCLUSIONS

The Beddoes-Leishman model for unsteady aerodynamics and dynamic stall has
been implemented in the University of Utah’s AeroDyn subroutines. These subroutines,
written in FORTRAN, are used to calculate aerodynamic loading of wind turbines. The
storage of calculated effective separation point values in a lookup table, with interpola-
tion between points, together with the use of two effective separation point tables, one for

C, and one for C_, allow accurate reproduction of static aerodynamic force coefficient
values for general inputs of C, and C, tables. The above modifications along with an-

gle of attack mirroring about +90° and -90° allow the model to produce dynamic aerody-
namic force coefficients over the entire range of angle of attack. Although the accuracy
of the model is not known for high or unusual angles of attack, the results obtained seem
reasonable.

The model quite accurately reproduces measured two-dimensional unsteady wind
tunnel data, given static lift and drag data. The model has been shown to reproduce lift
and drag coefficients over a range of reduced frequencies typical of wind turbines, and
over a moderate range of angle of attack.

Improvements in the prediction of C, could be made in the separated region of

the hysterisis, where the sharp corners and minimum value are generally missed for the
higher reduced frequency, high mean angle of attack cases studied. Also, at times the

vortex lift contribution is overestimated, or seems governed by somewhat different dy-



74
namics. At low mean angles of attack, where the attached flow response is dominant, the
attached flow hysterisis loops seem too open for the higher reduced frequency cases used
in this study.

Improvements in the C, predictions could be made for the higher reduced fre-

quency, high mean angle of attack cases studied, where the maximum value and the open
nature of the hysterisis for the upper region are at times lacking in the prediction. This is

due to the predicted C. not stalling as rapidly as observed in the data. For the low mean
angle of attack, high reduced frequency cases overprediction of C. results in the C, pre-

diction falling below the data, at times even becoming negative.

YawDyn prediction of yaw angle using measured wind as input to the CER model
is very accurate and possesses all of the features seen in the test data.

The model has been shown to be capable of reproducing the high frequency com-

ponents of C, seen in the data measured on the CER at the 80% span when measured

angle of attack data are used as input to the dynamic stall routines. Thus the dynamic
stall model is appropriate for other wind inputs which may result in higher frequency
components of angle of attack, or input of measured angle of attack histories which con-
tain high frequency components.

If the “static lift curve” for a rotating blade may somehow be determined, the

model seems capable of quite accurate representation of dynamic delayed stall events.



APPENDIX A

DETERMINATION OF CONSTANTS

NEEDED FOR THE MODEL
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In addition to the time constants mentioned previously there are several constants
associated with the Beddoes-Leishman model which need to be determined from static

C, and C, data for each airfoil used with the model. The C slope near 0° angle of at-
tack (C,, ), the zero lift angle of attack («,), the stall value for positive C, (C,,), the
stall value for negative C, (C,,, ), and the minimum drag C,,, need to be determined.
C,., is best obtained by use of a least squares fit on the linear region of the curve.
The least squares fit produces the slope of the curve, C,,, and usually the intercept of
the curve with the C,, axis (Cy(a =0)). «, can then be determined from linear interpo-

lation as:

As the airfoil pitches toward stall the vortex lift is allowed to build. When the

current value of the attached flow C, exceeds C,, the vortex is assumed to convect

across the airfoil. For airfoils that have a separation bubble that reattaches, or for airfoils
that stall slowly from the trailing edge, it appears that little motion of the airfoil is re-
quired to keep the flow attached to the airfoil. Therefore rather than choosing the maxi-

mum value of C for C,,, the attached flow value of C which corresponds to the angle
of attack at maximum C,, should be used. This is illustrated in Figures 92 through 94,
where the C,, values which resulted in the best unsteady predictions are shown with the
data for the three airfoils tested. C,,, is determined in the same way as C,, using the

maximum negative value of C, .
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Figure 92: Determination of parameters for the NASA
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Cp, IS the minimum value of drag that occurs near 0° angle of attack.

In addition to determination of the constants above, the separation point curve
should be looked at to ensure that it is a somewhat smooth curve. At angles of attack
near 0° and «, the denominator for determination of the separation point becomes very
small. With the denominator approaching zero a small deviation of the aerodynamic co-
efficients from linear values can result in a large error in the calculation of the separation
point. At these times C, and C, data may need to be slightly adjusted to produce a rela-

tively smooth curve.
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Conversion note: Program listings are not included in this pdf file of Pierce’s thesis. See the NREL codes
download website for the latest versions of all software.
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